In this work, we describe an approach of detecting biomarkers by Surface Plasmon Resonance imaging (SPRi) technique in real samples. Two C-Reactive Protein (CRP)-antibody immobilization methods were used: The first method was based on direct physisorption of CRP-antibody onto gold surface; the second one was based on oriented CRP-antibody with protein G intermediate layer.
Introduction
C-reactive protein (CRP) is a protein present in plasma and is one of the most expressed proteins in acute phase inflammation cases, being a known biomarker of inflammatory states [1] . Detection and quantification of CRP in an easy, cheap, and fast way can improve clinical diagnostics in order to prevent serious inflammatory states [2] . The detection of this protein has been studied by various traditionals techniques such as radial immunodiffusion (RID), Radio-Immuno-Assay (RIA), Immuno-Nephelometry (IN), Immuno-Turbidimetry (IT), ImmunoFluorescence (IF), Immuno-Chemiluminescence (IC) and Standard Enzyme Immunoassay (SEI) [3] . The limit of detection of these assays ranges between 0.1 and 0.2 µg•mL −1 . Recently, an impedance spectroscopy study on gold electrode (0.16 cm 2 surface) was performed to detect CRP-antigen and a detection limit of 100 pg•mL −1 was attained [4] . In this work, and in order to improve the CRP detection limit for clinical use, a new approach was employed based on the excitation of surface plasmon resonance on functionalized electrode with 16 gold spots. The 16 gold spots can be functionalized with anti-CRP antibody and used for CRP-antigen detection in PBS and human serum. The surface plasmon resonance technique is becoming an attractive optical tool to characterize biomaterial films, thus, allowing transduction of biorecognition events at the respective surfaces [5] - [7] .
Two anti-CRP immobilization methods were used: 1) the simple and non time-consuming physical adsorption method and 2) the oriented immobilization antibody method. The obtained detection limits were comparable with those obtained with QCM and ELISA technique in human plasma using doped magnetic core-shell [8] .
Experimental Section

SPR Instrumentation
This work was carried using the SPR imager ® II (from GWC Technologies, USA) with excitation wavelength of 850 nm. For surface plasmon resonance excitation, a prism with refractive index of 1.7 was used. The SPR set-up was designed for analysis of molecular interactions in an array format with 16 gold spots (1 gold spot has a surface of 0.004 cm 2 ) deposited on glass substrate. The resonance angle was determined according to the minimum reflectivity signal and fixed for all the measurements. A CCD (Couple Charge Device) camera simultaneously captures all data for all the gold spots and converts the reflectivity changes to pixels data (see Figure  1) .
The entire gold spot was exposed to the same analyte using the 1mL flow cell. Thereafter, the 16 gold spots was divided in two independent compartments by using a polydimethylsiloxane (PDMS) gasket chamber: eight gold spots functionalized with protein G and the others without. The substrate were washed with ethanol and inserted into the SPRi and all measurements were performed with PBS buffer at room temperature. The SPR signal was recorded upon injection of CRP-antigen. More details on SPR phenomenon can be found in reference [9] . 
Antibody and Consumables
Bovine Serum Albumine (0.45 mg•L −1 ), anti-CRP antibodies, purified CRP, protein G, anti-Rabbit IgG, antigenrabbit were purchased from Sigma Aldrich (France). The buffer solution used for all experiments was phosphate buffered saline (PBS) containing 140 mM NaCl, 2.7 mM KCl, 0.1 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 (pH = 7). All reagents were of analytical grade and ultrapure water (resistance 18.2 MΩ•cm −1 ) produced by a MilliporeMilli-Q system was used.
Physisorption and Oriented Antibody
We used physisorption technique as a simple method for antibody immobilization for CRP-detection. This technique was simple and rapid and not requires any time consuming procedure, like thiol or silane treatment. The anti-CRP was deposited (concentration: 20 μg•mL −1 ) on the seven cleaned gold spots and kept one hour at room temperature. In the second step, the gold spots were treated with 0.1% BSA solution for 30 min to block the free spaces.
For the oriented antibody, protein G was used as fellow: a drop of protein G (concentration 40 μg•mL −1 ) was immobilized on the others seven gold spots during 2 hours of incubation at room temperature. The gold spots were dried with nitrogen, and then a 20 μg•mL −1 anti-CRP was deposited on the gold surface for 1 hour at room temperature. Finally, the gold spots were treated with 0.1% BSA solution for 30 min to block the free spaces.
Two gold spots (one in each compartment) were used for negative test with anti-Rabbit IgG. For biosensing application, CRP-antigen at different concentrations was injected in the cell at room temperature (Figure 2 ).
SPRi Detection in Human Plasma from Patient
Plasma sample from a patient with coronary artery disease (Hopital Bichat, Paris, France) containing known concentrations of CRP-antigen were used for SPRi measurement (initial concentrations, assessed by classical particle-enhanced immunonephelometry: patient #1: 1.3 µg•mL −1 ). The SPR signal was recorded upon injection of CRP-antigen diluted in PBS.
Results and Discussion
Detection of CRP-Antigen with SPR Imaging
The surface plasmon set-up was carried for two types of gold microelectrode surfaces: gold surface with immobilized antibody without protein G and gold surface with immobilized antibodies with protein G. The SPR signal versus time was recorded and shown in Figure 3 . The SPR signal increase after CRP-antigen injection was due to the specific recognition by the anti-CRP.
This recognition induces a thin layer deposition (thickness increase), which leads to a resonance angle variation at the interface. The same behaviour was observed in the case of gold surface without protein G. These results show that the biosensor based on oriented CRP-antibody with protein G allows SPR signal amplification and a better limit detection in comparison with the results obtained without protein G. The antibody orientation and binding to protein G improves the performance of the immunosensor, since the resulting binding capacity of the antibody is directly dependent on the surface density of protein G [10] . Thus, by using the protein G as an intermediate layer in the first step, the sensitivity of the immunosensor is increased. The negative control was obtained after different injection of rabbit-antigen to the gold spots coated only with anti-CRP antibody. Figure 3(c) shows an SPR signal constant because no interaction between the rabbit-antigen and anti-CRP antibody occurred.
In order to obtain the calibration data set, the values of SPR signal variation versus the CRP-antigen concentrations of the functionalized gold surface (with and without protein G) were plotted in Figure 4 .
The response is linear and a detection limit of 10 pg•mL −1 and 50 pg•mL −1 CRP-antigen was obtained with and without protein G respectively. The reproducibility was tested against five substrates prepared in the same conditions at room temperature. Moreover, these detection limits are better than those reported by Meyer et al. and Vermeeren et al. [11] [12].
SPRi Detection in Human Plasma from Patient
The detection of CRP-antigen in human plasma was performed with impedance spectroscopy [4] . In this part, we performed the CRP-antigen detection from human plasma sample with SPRi technique. A different concentration (100 pg•mL The obtained curves show the SPRi signal versus time after CRP-antigen injection in the microfluidic cell. A detection limit of 5 ng•mL −1 and 10 ng•mL −1 was obtained with the immunosensor with and without protein G intermediate layer respectively. The limit detection was better in PBS due to the interfering proteins in Human plasma. We compare in Table 1 the sensitivity of the SPRi immunsensor for CRP-detection in Human plasma with and without protein G intermediate layer.
The surface plasmon signal in human plasma was better using protein G intermediate layer due to the better antibody orientation, which confirm the results in PBS. The advantages of oriented immobilization of biologically active protein G are good steric accessibilities of active binding sites of the antibody and increased stability and sensitivity of the immunosensor [13] . The obtained results were better those obtained with QCM (Quartz Crystal Microbalance) and ELISA techniques in human plasma using doped magnetic core-shell [8] .
Conclusion
In this work, we describe an approach of detecting biomarkers by surface plasmon resonance imaging technique. Two CRP-antibody immobilization methods were used to enhance the sensitivity of the immunosensors. The two developed immunosensors were tested against CRP antigen in phosphate buffer saline solution and in Human plasma. The use of protein G intermediate layer increases the binding capacity of the antibody which al- 
